Using a recently developed method for the guaranteed solution of interval-valued ODE problems, we extend the regiontransition approach for process safety analysis to continuous-time models. This makes it possible to identify, with certainty, regions of operating space that are safe, unsafe, or lead to off-spec product. The analysis can be done in the presence of uncertain model parameters.
Problem definition
We use here the region-transition model (RTM) approach described initially by Huang et al. [2] It is assumed that the system exists in a finite number of states, with possible transitions from one state to another. Except at transition events, which are assumed to be instantaneous, there is one and only one active state at any time. Some states correspond to safe operation of the system, while others indicate unsafe operation. Associated with each state s i is a set of ordinary differential equations describing the system:
It is assumed that this ODE problem has a unique solution for any given set of initial conditions x 0 and operating parameters θ. A transition from a source state s i to a destination state s r occurs when the logical condition
is true. Depending on the values of x 0 and θ, the system may visit only safe states, or it may transition to an unsafe state. From a given region (interval) of initial conditions, x 0 ∈ X 0 , and operating parameters, θ ∈ Θ, the goal is to distinguish between subregions leading to safe operation and subregions leading to unsafe operation, and to do so in a way that is rigorously guaranteed, mathematically and computationally, to be correct. Huang et al. [2] have addressed this problem, but using discrete-time, not continuous-time, models.
Method
Using VSPODE [3] , it is possible to compute a rigorously guaranteed enclosure of the trajectories of a nonlinear ODE system with interval-valued initial values and parameters. This is done using an interval Taylor series method, combined with Taylor models to represent dependence of the state variables on the uncertain quantities (initial values and parameters). The use of Taylor models leads to a dramatic reduction of the overestimation often associated with interval methods. At each time step, once an enclosure of the state variables x has been determined using VSPODE, enclosures of the state transition functions PAMM header will be provided by the publisher l ir (x, θ, t) can be determined. Using the bounds on l ir , it may be determined whether this transition will definitely occur or not occur during this time step, or this may remain undecided. If the current region of initial values and parameters remains undecided when the time horizon is reached, and it is larger than some size tolerance, then it is bisected, and the process repeated on the resulting subintervals. The complete algorithm will be described in detail elsewhere.
Example
To demonstrate this method, we use the simple system [2] shown in Fig. 1 . This system has three states, normal (safe) operation (state 1), underflow (state 2), and overflow (state 3). The underflow and overflow states are considered unsafe states. They are also considered terminal states since, if they are reached, the system will be declared unsafe and the integration stopped , the results of applying the method described above are shown in Fig. 2 . This shows the operating regions that lead to safe and unsafe (underflow or overflow) process operation. Only 1.37% of the (V 0 , F in ) space considered is undecidable (tolerance of 0.01 for both V 0 and F in ). Fig. 3 shows the results for the case in which α is uncertain and given by α ∈ [0.142, 0.158] s −1 . Computation times are 0.62 s for Fig. 2 and 24.7 s for Fig. 3 , both on an Intel P4 3.2GHz machine running Linux. We have successfully applied this technique to larger and more complicated (nonlinear) models, as will be described elsewhere. This technique makes it possible to identify, with certainty, regions of operating space that are safe, unsafe, or lead to off-spec product.
